Microcantilever sensor technology has been steadily growing for the last 15 years. While we have gained a great amount of knowledge in microcantilever bending due to surface stress changes, which is a unique property of microcantilever sensors, we are still in the early stages of understanding the fundamental surface chemistries of surface-stress-based microcantilever sensors. In general, increasing surface stress, which is caused by interactions on the microcantilever surfaces, would improve the S/N ratio and subsequently the sensitivity and reliability of microcantilever sensors. In this review, we will summarize (A) the conditions under which a large surface stress can readily be attained and (B) the strategies to increase surface stress in case a large surface stress cannot readily be reached. We will also discuss our perspectives on microcantilever sensors based on surface stress changes.
Microcantilever sensor technology has been steadily growing for the last 15 years. While we have gained a great amount of knowledge in microcantilever bending due to surface stress changes, which is a unique property of microcantilever sensors, we are still in the early stages of understanding the fundamental surface chemistries of surface-stress-based microcantilever sensors. In general, increasing surface stress, which is caused by interactions on the microcantilever surfaces, would improve the S/N ratio and subsequently the sensitivity and reliability of microcantilever sensors. In this review, we will summarize (A) the conditions under which a large surface stress can readily be attained and (B) the strategies to increase surface stress in case a large surface stress cannot readily be reached. We will also discuss our perspectives on microcantilever sensors based on surface stress changes.
Advances in the field of microelectro-mechanical systems (MEMS) and their uses offer unique opportunities for the design of small-size and cost-effective analytical methods. In 1994, it was realized that microcantilevers could be made extremely sensitive to chemical and physical changes.
1-3 Several electron micrographs of microcantilevers are shown in Figure 1 . To date, physical sensing has been demonstrated through detection of thermal energy, 3 etc., have been demonstrated using selective coatings on the cantilever. Two characteristics of a microcantilever, resonance frequency and bending, can be used to detect chemicals. We focus on the bending of microcantilevers in this review. Microcantilevers undergo bending due to molecular interactions by confining the interactions to one side of the cantilever. Adsorption or intercalation of the analyte will change the surface characteristics of the microcantilever or the film volume on the cantilever and results in the bending of the microcantilever. Using Stoney's formula, 18 the radius of curvature of bending of the cantilever due to adsorption can be written as ∆z ) (
where ∆z is the observed deflection at the end of the cantilever and ν and E are Poisson's ratio (0.2152) and Young's modulus (156 GPa for silicon) for the substrate, respectively. t and l are the thickness and length of the cantilevers, respectively, and δs is the differential stress on the cantilever.
When the layer of the molecules receptor is thin, such as a monolayer, it can be neglected. However, when the substrate of the cantilever is made of bilayered materials and neither of the layers can be neglected, then the equation is where t 1 and t 2 are the thickness of the two layers of the microcantilever substrate, E 1 and E 2 are Young's moduli for the coating and microcantilever, respectively, and E* is the effective Young's modulus for the coated microcantilever, with E* ) E 1 E 2 /(E 1 + E 2 ); ∆s is the differential stress on the cantilever. Microcantilevers can bend up or down upon binding of specific species in the environment depending on different effects as shown in Figure 2 . By monitoring changes in the bending response of a cantilever, surface stress changes induced by either adsorption or molecular recognition can be accurately recorded. Optical, 1 piezoresistive, 20 piezoelectric, 12 and capacitive 21 methods have been used for detection of cantilever deflection.
The bending of microcantilevers has been demonstrated to detect chemicals with sensitivities as high as parts-per-trillion (ppt) to parts-per-quadrillion (ppq). 22 Compared to traditional technologies for the detection of chemicals, the microcantilever sensor has three key advantages: high sensitivity at a low cost, low-power consumption, and a small size. These characteristics make the microcantilever a reasonably good sensor platform for either onsite chemical verification or medical diagnostics.
One challenge to many surface-stress-based microcantilever sensors is their low signal/noise (S/N) ratios. Although a surface stress less than 0.0001 N/m can be reached, variations in temperature and any slight variation of the electrolyte concentration can produce significant surface stress between 0.002 and 0.005 N/m. If the S/N ratio is small, it requires hours to reach a good baseline (<0.001 N/m surface stress because of noises) before each test. The small S/N ratio and the long waiting time are the main obstacles toward commercializing microcantilever technology. In some cases, the S/N ratios are too small to detect the targeted analyte, even when the analyte concentration is high.
A significant amount of effort has been focused on the optimization of microcantilever structures to reduce noise, which has been reviewed elsewhere. 23 While this is essential for developing low-cost and practical microcantilever instrumentation, the optimization of the surface chemistry of receptors on the microcantilever surface is equally important. One possibility for optimization of surface chemistry for microcantilever sensors is to increase the surface stress and, thus, the bending amplitude of microcantilevers, on analyte-receptor interaction. The optimized conjugation chemistry specifically tailored to microcantilever sensors will create sensors with improved response characteristics.
In this review, we will summarize approaches that enhance surface stress for optimizing the sensing responses. This paper is organized with two sections: under those conditions in which a large surface stress (greater than 0.1 N/m) can readily be reached; the strategies to increase surface stress for those conditions under which a large surface stress cannot readily be reached.
First, though, it is important to note the following:
(1) It should be mentioned that although increasing surface stress and the S/N ratio would increase the bending amplitude and subsequently the sensitivity, the detection limit of these sensors is mainly determined by the binding constant of the analytes with the receptors on the surface. For this reason, the detection limits of the sensors will not be discussed. In this review, we will only discuss those microcantilever sensors with surface stresses that are greater than 0.1 N/m. We chose this number because user-friendly devices based on microcantilever sensors can be readily fabricated when the surface stress is greater than 0.1 N/m, based on the observation that a 0.01 N/m noise level baseline can be achieved in seconds. According to analytical chemistry terms, a signal/noise ratio of 3 is regarded as the detection limit.
(2) Surface stress is proportional to the concentration of analytes adsorbed/absorbed on the cantilever surface. Proper analysis of various surface chemistries requires comparison of the surface stresses when the analyte-receptor interactions are saturated. However, for various reasons, most of the reviewed publications either did not or could not show the maximum surface stresses at saturation. Because of this, the cited maximum surface stresses in this review from papers on different systems could not be used to draw conclusions on the performance of the surface chemistries for comparison. It did, however, provide information for a quantitative analysis of the surface chemistries to a certain extent.
(3) Most groups only reported bending amplitudes of the microcantilevers rather than the surface stresses. These bending amplitudes were measured from microcantilevers of different sizes and compositions. For comparison, we converted all the bending amplitude data to surface stresses according to eqs 1 and 2. For consistency, the following parameters have been used in all of the calculations: Poisson's ratio ν ) 0.2152 and Young's modulus E ) 156 GPa for silicon, 70 GPa for SiO 2 , and 300 GPa for Si 3 N 4 . A 0.1 N/m surface stress corresponds to 60 nm of bending of a Si cantilever with the dimensions of 200 µm in length and 1 µm in thickness. It should be noted that surface stress is a general term used to elucidate the cause of microcantilever bending. In general, surface stress is a result of intermolecular interactions on the surface (such as electrostatic repulsion and/ or attraction, steric effects, or hydration), changes in the volume of the coating, or thermal expansion differences between the two surfaces of the microcantilevers. When the coating is thicker, the film stress should be expressed with the same units as pressure (N/m 2 ). 24, 25 To avoid confusion, we will not show the quantities for the surface stress change when a thicker coating was used but simply address that the bending amplitude was large. This is based on the fact that the bending amplitude is our concern and that the bending amplitudes of all the thicker-film-coated microcantilevers were large. It should also be noted that some publications were not cited in this review because it is not possible to convert the only reported signals, which were in units of voltage, to surface stress without further information.
UNDER THOSE CONDITIONS IN WHICH A LARGE SURFACE STRESS (GREATER THAN 0.1 N/M) CAN READILY BE REACHED
Surface Stress Caused by Chemical Reactions. Chemical reactions can normally cause significant surface stress due to heat release or through the formation of different chemical species on the cantilever surfaces.
Catalyst on Microcantilever Surfaces for Reactions with a Heat Release. For this method, microcantilevers function as bimetallic thermal sensors and the heat released from the reaction will bend the microcantilevers. In general, chemical reactions on the catalytic surface produce enough heat to generate a large surface stress, such as a 4.5 N/m surface stress as a result of the reaction H 2 + O 2 f H 2 O, 1 and a 1.5 N/m surface stress change from the oxidation of ethanol on a TiO 2 surface. 26 A significant difference in thermal expansion between the two layers (such as Si and Al) of the microcantilevers is critical for a larger surface stress change.
1,27 The surface stress caused by catalytic reactions can be enhanced with optimized microcantilever structures and thermal expansion materials, such as a polymermetal-ceramic trilayer.
28
Polymerization on the Surface. Polymerization changes the volume and the internal tension of the film on the surface, which generates a substantial surface stress on the microcantilever. As an example, 5 the polymerization of Norland 61, a photocurable adhesive, with UV light generated more than 1.1 N/m of surface stress.
Change of Surface Characteristics due to Formation of New Chemical Species. The formation of an amalgam, made by the combination of mercury or mercury ions with the gold layer on the microcantilever, produces a surface stress that is greater than 1.0 N/m, which is useful for the sensitive detection of mercury and mercury ions. As one example, the large stress change observed for the oxidation of ferrocenylundecanethiolate (FcC11SAu) modified microcantilever was attributed to steric constraints in the closely packed FcC11SAu monolayer and the efficient coupling between the adsorbed FcC11S-monolayer and the Au-coated microcantilever transducer. The cantilever responds to the lateral pressure exerted by an ensemble of reorienting ferrocenium-bearing alkylthiolates stacked upon each other. This finding suggests that the cantilever responds to collective in-plane molecular interactions rather than to individual biochemical events. Large bending amplitudes were also observed on electrochemical deposition of a polyaniline film 43 and redox reaction of a polypyrrole (PPy) film. Surface Stress Created by Changing the Volume of Polymer Coatings. Polymers are among the first materials used to modify microcantilevers for sensing applications. The shrink or swell of the polymers generally causes a surfaces stress change that is usually greater than 0.1 N/m. There are several forces involved in film swelling, including steric, electrostatic, hydration forces, etc. The sensitivity and selectivity of the sensor is mainly determined by the properties of the polymers. Some polymers selectively absorb more target analytes than others. 45, 46 Most of the reports showed that microcantilevers coated with thicker polymer films generated more bending on their interaction with analytes. Several approaches have been applied to deposit polymers on the microcantilever surface.
Spray Coating, Spin Coating, and Drop Casting. For these methods, polymers were first dissolved in solvents and then transferred to a microcantilever surface using the appropriate tools. A uniform polymer film forms on the microcantilever surface after solvent evaporation. Table 2 shows several polymers that have been coated on a microcantilever for chemical detection.
Upon analyte absorption, all of these polymer-based cantilevers had large bending amplitudes corresponding to surface stresses that are greater than 0.1 N/m.
Protein films also function similarly to polymer films and large surface stress changes were observed when the analytes bound onto these protein films. As an example, microcantilevers modified by a layer of AgNt84-6, a metal binding protein, have been developed for the detection of a group of metal ions. 54 Cross-Linked on the Surface Directly. This method is used to prepare cross-linked polymers on microcantilever surfaces since the cross-linked polymers cannot be dissolved in any solvents. These polymers, such as cross-linked polystyrene, 55 poly(methacrylic acid)-poly(ethylene glycol) dimethacrylate hydrogels, [56] [57] [58] [59] chitosan hydrogels, 60 and elastin-like polypeptides, 61 can be formed on the surface directly from their precursors.
Layer-by-Layer (LbL) Assembly. This is one of the newer approaches for modifying microcantilever surfaces. The surface of the cantilever is modified through a positive and negative 65 Polymer Brushes. Polymer brushes are composed of polymer chains, all approximately the same length, each attached by one end to a solid surface. When bathed in any liquid medium that is a good solvent, the polymer chains stretch away from the surface. Zhou et al. 66 reported that microcantilevers modified by a 20 nm thick polymethacryloyl ethylene phosphate polymer brush showed a 3.0 N/m surface stress when the pH changed from 6 to 9 or when exposed to a 0.1 M KCl solution ( Figure 5 ). They also observed 67 a 1.0 N/m surface stress on the cantilever surface when applying an alternating positive (0.5 V) and negative (-0.5 V) bias to a polyelectrolyte brush-covered cantilever.
Absorption of Gas by Metal or Metal Oxide Films. Metals or metal oxides with gas-absorption capabilities have been used to modify microcantilevers for gas detection. Because a metal film is thick compared to a monolayer film, absorption of the gases causes a large surface stress on the cantilever. 68 In general, within a certain range, the thicker the film, the greater is the bending amplitude. Specific examples include the detection of hydrogen 69, 70 and moisture vapor.
71,72
Phase Change of Films on the Cantilever Surface. Phase changing materials are characterized by large changes in volume, which is expected to generate significant surface stress. Guo et al 73 observed more than 5.6 N/m of surface stress on a 10 nm thick Ge 2 Sb 2 Te 5 (GST) GST film changing from an amorphous state to a crystalline state. Using a thin dielectric capping layer leads to a further increase in surface stress compared to uncapped films.
Surface Stress Caused by Significant Intermolecular Interactions from Adsorbed Species. It is now understood that the larger the intermolecular interactions, such as static repulsion, from species on the surface, the larger the surface stress that is generated on the surface.
Repulsion by Adsorbed Molecules on a Gold Surface. Absorption of a monolayer of thiol compounds on a gold surface caused compressive surface stress that is greater than 0.1 N/m. ( Figure  6 ). [74] [75] [76] This was attributed to apparent dipole moment repulsion from the alkyl chains. Adsorption of a thiol with a single strand of DNA also generated more than 1.0 N/m of surface stress. 77 
Surface Stress from Adsorption of Large Species on the Surface.
Adsorption of large molecules or species, such as proteins, on the surface and the subsequent conformational changes of the molecules and/or the interactions of these species could cause a surface stress that is greater than 0.1 N/m. Examples of such large molecules include immoglobulin G and albumin, 78 a lipid vesicle, 79 amyloid, 80 a yeast cell lysate, an antibody, 81 and a phospholipid bilayer. 
Adsorption of Large Species on Antibody Modified Microcantilevers.
Antibodies provide for chemical specificity. For antibodybased microcantilever sensors, the primary cause of surface stress is the repulsion of target species that are adsorbed onto the antibody film. For this reason, large surface stress changes were observed only for certain large species, such as a GCN4 protein (0.13 N/m), 83 feline coronavirus (0.25 N/m), 84 tularemia (1.74 N/m), 85 E. coli (0.33 N/m), 86 and the antimyc-tag antibody (0.14 N/m). 87 For cantilevers modified by antibodies for the recognition of small molecules, the surface stress upon adsorption is small, such as the surface stress measured for dichlorodiphenyltrichloroethane (DDT), which was only 0.008 N/m. 88 However, in some cases, smaller surface stresses were observed when antibody or protein-modified microcantilevers were exposed to the larger species, such as prostate-specific antigen (0.06 N/m) 89 and Bacillus subtillis spores (0.01 N/m). 90 This may be due to poor surface coverage by the antibodies. The importance of the surface chemistries will be discussed below.
STRATEGIES TO INCREASE SURFACE STRESS FOR THOSE CONDITIONS UNDER WHICH A LARGE SURFACE STRESS CANNOT READILY BE REACHED
One example in this category is the DNA hybridization on microcantilevers. So far, all of the DNA hybridizations have resulted in surface stresses less than 0.1 N/m, 91 which inhibit the microcantilever sensors from being a viable technology for practical applications. It is often assumed that surface conjugation chemistries utilized by other chip-based microsensors can be transferred to microcantilever devices; however, the mechanism of surface stress induced bending is substantially different from the mechanisms of other sensor platforms such as fluorescence or surface plasmon resonance. Simulation and modeling experiments predict theoretical surface stress on microcantilevers that are much more than the experimentally determined values. 92 Much of the gap between actual and theoretical values is likely due to nonideal surface characteristics, including gold surface characteristics, surface packing, orientation of the receptor on the surface, the degree of interaction between the receptors on the surface, changes in receptor conformation and receptor-analyte interactions, etc. Surface packing and orientation can be altered with different surface characteristics and conjugation chemistries. Orientation and surface packing will also affect molecular interactions on the surface. If there is special treatment of the surface and the receptor layer is perfectly immobilized on the surface with both high density and order, the surface stress generated will be in better agreement with the simulated data, thus producing larger bending responses.
This section of the review will summarize our understanding of conjugation chemistry and its relationship to microcantilever responses.
Self-Assembled Monolayers for the Detection of Metal Ions and Small Molecules. Functionalizing monolayers was one of the first surface modification approaches developed for microcantilever sensors. Differential surface stress between the two surfaces of a microcantilever is usually accomplished by previous deposition of a thin gold film on one surface of the microcantilever. The gold surface can be selectively functionalized by adsorption of a SAM of thiol compounds.
On clean and smooth surfaces, the origin of the surface stress arises from charge redistribution between the surface and the adsorbates and from interactions between neighboring surface atoms or molecules with those from the environment. For detecting small molecules or ions, a compact, high density monolayer is the key for obtaining significant binding-induced surfaces stresses. The lateral interaction between adsorbed molecules plays an important role in causing adsorption-driven surface stress, particularly at high coverage. Most of the following approaches to enhance surface stress are based on developing chemistries that achieve a tightly packed, ordered array of receptors on the surface that are sensitive to any slight changes in analyte interaction.
Effect of Monolayer Formation Time on Sensitivity. Ji et al. developed 93 a triethyl-12-mercaptododecylammonium (TMA) monolayer modified microcantilever sensor for CrO 4 2-detection. It was found that a period of 6 days is needed to develop a compact monolayer of TMA on a gold surface due to repulsion of the positively charged ammonium groups in TMA, which contribute to a 0.39 N/m of surface stress upon exposure to a 10 -3 M of CrO 4 2-solution. Photochemical Hydrosilylation Method. Boiadjiev et al. 94 applied a photochemical hydrosilylation approach to modify the silicon surface of a microcantilever for detection of Cr(VI). Using this method, they achieved a compact surface and the surface stress change was 0.33 N/m when it was exposed to 0.1 mM of Cr(VI).
Coadsorption of Long-Chain Thiols to Increase the Surface Density. A calixcrown molecule, MCC, 95 was anchored onto the gold surface of a microcantilever for Cs + detection. When the microcantilever was modified by pure MCC, it did not respond to Cs + ; however, when decane-1-thiol was coadsorbed at a 2:1 (decane-1-thiol/MCC) ratio to fill the gaps between the two alkyl thiol arms of MCC and the adjacent molecules, a 0.28 N/m surface stress was observed upon exposure to 1 mM of Cs + . Alvarez et al. 96 also reported the coadsorption of a thiol compound to form a dense monolayer which enhanced the accessibility of the DNA probes to the target. In this treatment, the thiol compound displaces the weaker adsorptive contacts between the nucleotide chain and gold, covalently attaching to the interstitial regions between chains of ssDNA. The posttreatment ensures that the DNA probes are only attached to the gold surface through the terminal sulfur atom of the thiol linker attached to the DNA.
Conjugation Chemistry Selection and Different Surface Morphology. Selection of Conjugation Chemistry and Receptors.
It has been observed that microcantilevers modified using conjugation chemistries respond differently to the same analytes. In one example, 84 microcantilevers modified by antifeline infectious peritonitis (FIP) antibody using succinic anhydride did not yield reproducible results for feline coronavirus detection. The poor quality of these cantilevers was determined to be caused by inconsistent surface modification. The consistency and the surface stress were greatly improved when the surface was prepared with 1-ethyl-3-(3-dimethylaminopropyl) carbodimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS). The surface stress was dependent on the active site and the molecular size of the crosslinked compound, 97, 98 and the surface structure and/or the chemistry. 99 Cleanliness of the Microcantilever Surface. It is commonly accepted that it is essential to clean the surfaces of microcantilevers or employ freshly evaporated and/or electrochemically cleaned surfaces for meaningful results. 100 Besides the gold or silicon surfaces, cleanliness on modified surfaces is also critical for the performance of microcantilever sensors. Unwanted aggregating particles can form on the amino and carboxyl topped thiol monolayers on the gold surfaces. The particles will inhibit cross-linking of EDC/NHS, which may cause unsuccessful microcantilever sensor development. A modified approach utilizing the coexistence of CF 3 COOH with the thiols during the SAM process forms a smoother and cleaner surface.
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Porous or Nanostructured Surface. The results from the section Under Those Conditions in Which a Large Surface Stress (Greater than 0.1 N/m) Can Readily Be Reached indicate that introducing a thicker layer of receptors or exposing a larger surface area of the microcantilever may enhance the bending amplitude. It is expected that an increased surface area produces a larger number of binding sites and confinement of the molecules in nanocavities, increasing the intermolecular forces such as the solvation, steric, osmotic, and hydration forces with respect to flat surfaces. On the other hand, discontinuities in the gold surface prevent the generated surface stress from being efficiently transferred to the cantilever beam. As a result, reports on this issue from different laboratories were not consistent, as some reports supported this hypothesis, [102] [103] [104] [105] while others 100, [106] [107] [108] [109] showed that processed porous silicon surfaces or rough surfaces do not introduce significant static bending of the cantilevers. The poor reproducibility of these studies between different laboratories may be due to differences in the surface properties and the chemistries, such as the degree of roughness or the pore size. In particular, the role of the gold film has not been paid much attention until recently, a topic which will be discussed in the next subsection. A better understanding of the parameters that determine the nature and magnitude of the interaction-driven surface stress needs to be developed in order for microcantileverbased surface stress sensing to become a viable technology. Effect of the Morphology of the Gold Surface. It was recently realized that the characteristics of the gold surface play a critical role in surface stress optimization, sensitivity, and the reliability of microcantilever sensors. These characteristics include the adhesion 100, 110 (so that the surface stress in the sensing film can be transferred to the cantilever substrate), the surface morphology (e.g., grain size, grain boundaries, film roughness, crystallographic orientation, discontinuity), and the cleanliness of the gold sensing surface, which can have both qualitative and quantitative effects on the measured surface stress. It is, therefore, essential to characterize how these factors affect the sensor response. Gold surfaces could be prepared using two approaches: thermal evaporation or sputtering. The magnitudes of the surface stresses caused by the same interactions on gold surfaces that are prepared with these two different approaches are significantly different from each other.
Thermal Evaporation on Gold Surfaces. Godin et al. 109 showed that the kinetics of SAM formation and the resulting SAM structures are strongly influenced by the surface structure of the underlying gold substrate (Figure 7) . Particularly, the adsorption onto gold surfaces having large, flat grains produces high-quality SAMs. An induced compressive surface stress of 15.9 ± 0.6 N/m results when a c(4 × 2) dodecanethiol SAM forms on gold. However, the SAMs formed on small-grained gold (with grain sizes smaller than 100 nm) are incomplete and have an induced surface stress of only 0.51 ± 0.02 N/m. The progression to a fully formed SAM with alkyl chains adopting a vertical (standing-up) orientation is clearly inhibited in the case of small-grained gold substrates and is promoted in the case of large-grained gold substrates.
Tabard-Cossa et al. 100 showed the same results on the adsorption of the thiol molecules but added that the parameters such as grain size, film roughness, and grain boundaries did not strongly influence the induced surface stress for anion adsorption and the surface stress response is more dependent on the continuity of the gold sensing surface than on its average grain size.
Sputter Coated Gold Surface. Kadam et al. 111 studied the Hg sensing behavior of microcantilevers that were modified with asdeposited sputtered and thermally evaporated Au film. For sputtered films, the deflection response of the microcantilever always stabilizes after the Hg is turned off, whereas for thermally evaporated films there is an exponential decay after the Hg exposure is stopped. It should be noted that this is only for Hg detection. No such comparison has been made for detection of alkylthiols or biomolecules.
Merten et al. 112 found that the higher the growth rate of the gold layer, the smaller is the surface stress, because higher growth rates of the gold film produce a higher degree of coalescence (Figure 8 ). Microcantilevers in which the gold coating has not undergone coalescence are characterized by large values of tensile stress of about 2.3-2.6 N/m (to mecaptohexanol). The surface stress was also related to the thickness of the sputtered gold film. Two relative maxima of surface stress to adsorption can be found when the thickness of the gold films is 20 or 60 nm. In these films, there is a high elastic strain energy accumulated in the nanoislands that is partially relieved by the attachment of the mecaptohexanol molecules. They also found that there is not a ready relationship between the adsorption surface stress and the roughness of the gold film, i.e., the gold nanostructure does not play a fundamental role in the surface stress that is induced by alkylthiol adsorption.
PERSPECTIVE ON MICROCANTILEVER SENSING
Microcantilever sensor technology has been steadily growing for the past 15 years. However, there is still a long way to go before these surface-stress-based sensors can be applied to industry, with biosensing lacking in particular, which is mainly because of low signal/noise (S/N) ratios.
The ideal and direct sensing mechanism involves measuring either the binding-reduced bending or the surface stress change on the micocantilevers. To achieve a fast response, the preferred surface modification approach for sensing involves conjugating an ultrathin layer of receptors on the surface of the microcantilevers. However, the reported surface stresses of these sensors are in general quite small, due to both the poor characteristics of the gold surface and the surface chemistries, and thus, surface modification is critical for developing sensitive and reliable microcantilever sensors. To achieve this goal, a better understanding of the core parameters that determine the magnitude of the interaction-driven surface stress needs to be established in order to improve the sensitivity, stability, and reproducibility of microcantilever sensors. These parameters include the following:
(1) The effects of the morphology and the continuity of the gold surface on the density of the conjugated receptor coating and the subsequent sensing performance need to be well understood.
(2) Various factors, such as the selection of conjugation chemistries, the surface chemistry reaction time, and the coadsorption need to be considered and optimized in order to enhance the packing density of the coatings.
(3) Surface cleaning procedures for gold surfaces and chemically functionalized surfaces need to be developed.
(4) If the characteristics of the gold surface do not meet the demanding requirements for microcantilever sensing, conjugation chemistries on other surfaces, such as a silicon surface, would be worth investigation in order to develop reliable sensors based on microcantilevers. Few works have been contributed to this field in the past.
After modification, if the above approaches, which are based on either monolayers or ultrathin layers, are indeed not enough to produce both a sufficient surface stress and reproducibility for reliable sensing, surface coatings based on relatively thicker films will need to be used for the direct sensing approach. As shown in above in Under Those Conditions in Which a Large Surface Stress (Greater than 0.1 N/m) Can Readily Be Reached, numerous cases showed that microcantilevers coated with thicker films generated large bending on sorption analytes. Microcantilevers with thicker coatings do not require a high maintenance of the surface characteristics of microcantilevers but mainly rely on the properties of the materials of the coating. The materials of these films are mostly polymers, such as hydrogels, polymer brushes, porous polymers, metal organic complexes, 113 etc. Several recent publications 114, 115 have shown that microcantilevers modified by these polymers could be quite promising if applied to biosensing. Along this line, it is expected that a film of dentrimers could also provide the solution, although dentrimers have not yet been applied to microcantilevers. The negative consequence of this new polymer film approach is that there would be a longer response time due to the diffusion of the analytes into the film. It should be noted that although all of the thick-film modified microcantilevers showed large bending and were out of the focus of this review, several aspects, such as the viscoelastic effect, of these coatings, should be paid serious attention in order to develop reliable sensors. Even though large bending is a necessity, it does not guarantee reproducible and reliable sensing. This has been discussed in more detail in another review paper. 116 Besides a thicker film coating, another possibility, based on binding or interaction, could induce a significant change in the substrate, such as collapse, phase change, or polarization change of the substrates. Like the thicker film coating, this also does not require high maintenance of the surface characteristics.
It is noteworthy that several indirect approaches may provide alternate ways to enhance microcantilever bending for reliable sensing. The first is by applying electrochemistry to microcantilevers such as those discussed in Under Those Conditions in Which a Large Surface Stress (Greater than 0.1 N/m) Can Readily Be Reached. Two other examples are given below.
Compare the Characteristics of the Surfaces before and after the Receptor-Analyte Interaction. As an example, traditionally, detection of DNA hybridization is conducted in solution but the surface stress is generally less than 0.1 N/m. An alternative approach is to compare the hydration-induced surface stress of ssDNA with that of hybridized DNA in the gas phase. 117 In this work, Merten et al. showed that cantilevers modified with ssDNA and hybridized DNA have different surface stress changes that differ by more than 0.1 N/m when they undergo hydration changes at various moistures levels. Magnetostrictive Cantilevers. This represents an effective approach for the detection of biomolecules by an enhanced amplification of the deflection amplitude (but is not due to surface stress change). The method involves the association of magnetic particles, which carry the biorecognition complex to the functionalized cantilever, with the magneto-mechanical deflection of a cantilever in the presence of an external magnet. It was shown that this magneto-mechanical method could detect trace amounts of extremely dilute biological samples with large bending amplitudes. 118 
